Exploring the role of van der Waals (vdW) forces on the adsorption of molecules on extended metal surfaces has become possible in recent years thanks to exciting developments in density functional theory (DFT). Among these newly developed vdW-inclusive methods, interatomic vdW (111) surfaces upon which it either physisorbs (Cu, Ag, and Au) or chemisorbs (Rh, Pd, Ir, and Pt). We have thoroughly compared the performance between the two classes of vdW-inclusive methods and when available compared the results obtained with experimental data. By examining the computed adsorption energies, equilibrium distances, and binding curves we conclude that both methods allow for an accurate treatment of adsorption at equilibrium adsorbate-substrate distances. To this end, explicit inclusion of electrodynamic screening in the interatomic vdW scheme and optimized exchange functionals in the case of nonlocal vdW density functionals is mandatory. Nevertheless, some discrepancies are found between these two classes of methods at large adsorbate-substrate separations.
I. INTRODUCTION
Van der Waals (vdW) forces are ubiquitous in the binding of atoms and molecules. Although they are relatively weak compared to, for example, covalent and ionic bonding, vdW forces play an important role in fields as diverse as macromolecular biochemistry, supramolecular chemistry, and condensed matter physics.
1-3 Yet despite this importance our current understanding of vdW forces comes mainly from the study of atoms and small molecules in the gas phase, and much less is known about vdW interactions in large aggregates and extended systems of interest in basic and applied science. It is not surprising then that accurately accounting for vdW forces and understanding the role they play in extended systems has become a thriving topic of research in recent years.
From a theoretical viewpoint, density functional theory (DFT) is the method of choice to gain insight into the electronic structure of relatively large systems (typically hundreds of atoms). However the widely used generalized gradient approximation (GGA) functionals, which are generally employed in DFT studies of extended systems, fail to describe nonlocal vdW forces (as reported, for example, in Ref.
[ 4 ]). Fortunately, great progress has been made recently in remedying this long-standig problem (see, e.g., Refs.
[ [5] [6] [7] [8] and Ref.
[ 9 ] for a recent review), making it possible to account efficiently and accurately for the long-range vdW energy of solids, extended surfaces, and adsorption processes. [10] [11] [12] Weakly interacting atoms and molecules on metal surfaces have become the workhorse systems for understanding how vdW forces influence the interaction of adsorbates with solid substrates in general. Typical examples include benzene, water and noble gases adsorbed on various transition metal surfaces, 11,13-29 C 60 on Au(111), 30 graphene on Ni(111) and Ir(111), [31] [32] [33] [34] self-assembled monolayers of thiolates on Pt(111), 35 pyridine on Cu(110), 36 and isophorone on Pd(111). 37 A common conclusion from these studies is that the inclusion of vdW forces into DFT-GGA calculations often results in a large increase in binding energies and in adsorption distances that are in better agreement with experimental data. Moreover, in some instances vdW forces can also influence qualitatively the adsorption mechanism, allowing for different minima in binding curves, 32, 33 promoting chemisorption, 36 tipping the balance between chemisorption and physisorption states, 38 or enabling specific reaction pathways.
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In previous papers, 18, 39 we showed that when vdW interactions are accurately accounted for, quantitative treatment of both chemisorbed and physisorbed benzene molecules on metal surfaces becomes possible. In addition, Yildrim et al. have recently applied a range of van der Waals density functionals (vdW-DF) to study the binding of benzene on metal surfaces, underscoring this conclusion. 20 However, despite this recent progress, many important questions remain. For example, there are major gaps in our understanding of the general strengths and limitations of the various vdW-corrected methods when applied to these systems. Also very little is known about the performance of these methods at non-equilibrium adsorbate-substrate distances. From the chemical perspective our understanding of the physical nature of the interaction between benzene and metal surfaces is still quite shallow as is our understanding of which metal surfaces can support physisorbed (so-called precursor) states of benzene. In the current follow-on paper we extend our work on these systems aiming precisely to address these important unresolved issues. To this end we have con- We have applied these approaches to the adsorption of benzene on the (111) surface of Cu, Ag, Au, Rh, Pd, Ir, and Pt. The benzene-metal system is of interest in basic and applied surface science [43] [44] [45] [46] [47] and is an excellent model system to test different vdW-inclusive methods because it has been extensively studied both theoretically [13] [14] [15] [16] [17] [18] [48] [49] [50] [51] [52] [53] and experimentally 17, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] in recent years. In particular, we used PBE+vdW surf and vdW-DF approaches to obtain adsorption energies and equilibrium geometries which we compare with the most recent experimental data available. From the current study we find that both PBE+vdW surf and certain improved versions of vdW density functionals are capable of reaching quantitative agreement with experimental measurements. In addition, we computed the binding-energy curves of both physisorbed and chemisorbed benzene molecules on all the investigated metal surfaces. In our previous work we found that vdW interactions are important to properly describe a metastable precursor state on Pt and Ir surfaces. 18 Here we also extend this study to the chemisorption of benzene on Rh and Pd, where interestingly we find that such metastable precursor states are not present. This leads us to the suggestion that only sufficiently polarizable metal surfaces are able to give rise to physisorbed precursor states.
We also notice that different choices for including relativistic effects lead to some deviations in the binding-energy curves. pseudopotential results. We used "tight" settings, including the "tier2" standard basis set in the FHI-aims code for H and C atoms, and the "tier1" basis set for transition metal atoms. We set the following thresholds for the convergence criteria: 0.01 AA −1 for the final forces in all structural relaxations, 10 −5 electrons for the electron density, and 10 −4 eV for the total energy of the system. A Monkhorst-Pack 67 grid with 18×18×1 k-point sampling per (1×1) unit cell was used for slab calculations. We applied a dipole correction along the direction perpendicular to the metal surface. 68, 69 These computational settings guarantee a convergence in the adsorption energies and equilibrium distances better than 0.01 eV and 0.01Å, respectively (Table I ).
The unreconstructed close-packed (111) surfaces were modeled by periodic (3×3) unit cells, containing 6 atomic layers separated by at least 20Å of vacuum, which ensures that the interaction between the adsorbed benzene molecule and the periodic images of the metal slab is negligible. The benzene molecule and the uppermost two metal layers were allowed to relax during geometry relaxation. The four bottom metal layers were fixed at their bulk-truncated positions using the lattice constants of the bulk metals from each method (Ta- 
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In all cases the core electrons were replaced by PBE-based projector augmented wave (PAW) potentials. 74 We treated explicitly the H (1s), C (2s, 2p), Cu (3p, 3d, 4s), Ag (4d, 5s), Au (5d, 6s), Rh (4d, 5s), Pd (4d, 5s), Ir (5d, 6s), and Pt (5d, 6s) electrons as valence electrons and their wavefunctions were expanded in plane-waves with a cut-off energy of 500 eV. A Monkhorst-Pack 67 grid with 12×12×1 k-point sampling per (1×1) unit cell was used. We again applied a dipole correction along the direction perpendicular to the metal surface 68, 69 and geometry optimizations were performed with a residual force threshold of 0.03 eVÅ −1 .
Using the lattice constants of the bulk metal from each functional (Table II) , we built up 6-layer slabs with a (3×3) unit cells and separated by at least 12Å (18Å when computing binding curves). The metal atoms in the three bottom layers were fixed at their bulktruncated positions during structure relaxation. The metal lattice constants computed here ( giving better agreement with the reference experimental data for the transition metals considered here. Specifically, the largest differences with experimental values are reduced to 0.113Å, 0.093Å, and 0.052Å by using optPBE-vdW, optB88-vdW, and optB86b-vdW, respectively. Overall the performance of these functionals, and in particular optB88-vdW and optB86b-vdW, for transition metal lattice constants is as good or better than PBE and PBE+vdW surf .
C. Adsorption energies and geometries
The adsorption energies of benzene on the investigated (111) metal surfaces were computed as follow:
where E Bz−M is the total energy of the adsorbed benzene molecule, E M is the total energy of the relaxed bare metal slab, and E Bz is the total energy of a relaxed gas-phase benzene molecule in the same unit cell used to compute the total system, but without the metal slab. In addition, we considered the non-local correlation part, E nlc , of the total exchangecorrelation energy to compute the corresponding non-local correlation contribution to the adsorption energy, E nlc ads , as follow:
where the subindexes Bz-M, M, and Bz stand for the adsorbed benzene molecule, the relaxed bare metal slab, and a relaxed gas-pahse benzene molecule. We computed the adsorption energy of the system as a function of the perpendicular height, d, between the carbon backbone of the benzene molecule and the metal surface. We evaluated d relative to the position of the topmost metal layer of the bare surface. Notice that due to the optimization constraints imposed on the carbon backbone (the z coordinate of the 6 carbon atoms was fixed) of the benzene molecule, the location of equilibrium minima in the computed binding curves may slightly differ in some cases from the fully relaxed calculations described above.
D. Level of convergence
The computational settings described in Sections II A and II B guarantee a tight convergence in adsorption energies and equilibrium distances as assessed by an extensive series of convergence tests performed for the adsorption of benzene on Au and Pt. Table I Aiming at comparison between FHI-aims and VASP results, we computed the adsorption energy of benzene on Au and Pt using PBE with these two codes. The FHI-aims (VASP)
results for Au and Pt are −0.08 eV(-0.03 eV) and −1.00 eV (−1.02 eV), respectively. These differences are very small and mainly reflect differences in the underlying basis sets: allelectron plus atomic ZORA treatment of relativistic effects (FHI-aims) and plane-waves plus PAW potentials (VASP).
III. RESULTS AND DISCUSSION

A. Adsorption energies and equilibrium geometries
Benzene adsorption is weaker on (111) coinage metal surfaces (Cu, Ag, and Au) than on transition metals with unfilled d bands (Rh, Pd, Ir, and Pt). 45 For example, the experimental adsorption energy of benzene on Au is 0. Tables III   and IV , respectively. A key observation is that PBE yields negligible adsorption energies of benzene on coinage metal surfaces and largely underbinds on Rh, Pd, Ir, and Pt. For example, the PBE adsorption energy on Pt is ca. 0.9 eV lower than the experimental value (Table III) . The adsorption energies are systematically improved in all cases upon inclusion of vdW forces by means of the PBE+vdW method. Further refinement of these calculated values is achieved when explicitly accounting for the dielectric screening by electrons inside the bulk metal through the PBE+vdW surf method, which takes into account the reduction of both the C 6 coefficient and vdW radius of the metal atoms. 39 In particular, the effect of screening decreases the adsorption energies on coinage metals and Rh by 0.1-0.2 eV, whereas the interaction is enhanced in the case of Pd, Ir, and Pt. It is notable that the inclusion of the collective response effects reduces both vdW C 6 coefficients and vdW radii, leading to opposite effects in the vdW energy and resulting in non-trivial behaviour for different metals.
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Moving to the results from the vdW density functionals, we find that the agreement with the available experimental data strongly depends on the particular choice of the underlying exchange functional. Consistent with previous studies for various adsorption systems, the vdW-DF and vdW-DF2 functionals yield even smaller adsorption energies than PBE. 20 It is important to stress that for the S22 database all the optimized density functionals considered here essentially yield similar results. 8 In contrast, for benzene adsorption on transition metals, especially in the case of strongly bound systems, the situation is more complex.
In particular, adsorption energies differ up to 0.6-0.7 eV on the four reactive metals when using optPBE-vdW, optB88-vdW, or optB86b-vdW (Table III) . Further analysis shows that adsorption energy enhancements to the benzene-metal bonding are largely due to non-local correlation, E nlc ads (Eq. 2), which is the principal attractive contribution to the total adsorption energy at the equilibrium geometry (Fig. 2) . Indeed the magnitude of E nlc ads on all surfaces is greater than the total adsorption energy. On the most reactive metals (Rh, Pd, Ir, and Pt) the larger covalent character of the bonding (chemisorption) is reflected by larger E nlc ads than on coinage metals. We notice that vdW-DF2 systematically yields the lowest E nlc ads compared to the other functionals (especially in the case of the more reactive metals), which explains why the smallest adsorption energies are found for this functional (Table III) .
The three optimized exchange functionals (optPBE, optB88, and optB86b) show similar non-local correlation contributions upon any given metal surface. Specifically, the differences between E nlc ads values computed using these three exchange functionals for a given system are less than 0.18 eV on coinage metals and less than 0.10 eV on reactive metals (Fig. 2) . This behavior explains why on the coinage metal series the adsorption energies computed with optPBE-vdW, optB88-vdW, or optB86b-vdW are very similar: the energy differences are less than 0.10 eV (Table III) . On the other hand, on reactive metals the computed adsorption energies show much larger energy differences despite E nlc ads being similar. This result highlights the fact that on such systems the benzene-metal bonding is dominated by covalency. In particular, we found that the energy difference between E nlc ads and E ads provides a useful descriptor to rationalize the behavior of each functional when describing the benzene-metal bonding on chemisorbed systems. To this end, we define the ratio of attractive non-local correlation lost after adding all the remaining contributions to the bonding, χ nlc ads , as
Essentially, χ nlc ads indirectly quantifies how repulsive a given functional is. This is important because the position of the repulsive Pauli wall is the main aspect that ultimately controls the performance of a vdW density functional at short distances (equilibrium distances in chemisorption). As shown in Fig. 3 , we find a linear correlation between E ads and χ nlc ads for all chemisorbed systems. The adsorption energy decreases when increasing χ nlc ads , i.e. a more repulsive exchange functional yields lower adsorption energies. Interestingly, vdW-DF2 also fits well on this linear regression, even though it has a different underlying correlation term than the rest of density functionals. From Fig. 3 it is clear that vdW-DF2 is the most repulsive functional followed by vdW-DF, optPBE-vdW, optB88-vdW, and optB86b-vdW.
All three optimized exchange functionals show χ nlc ads values below 0.5, whereas vdW-DF and vdW-DF2 lead to larger values. Considering that optB88-vdW shows the best agreement with available experimental data, Fig. 3 suggests that density functionals with χ nlc ads values ranging between 0.2 and 0.4 are particularly suitable to achieve a good description of the adsorption energy and equilibrium geometry for these systems. Therefore, χ nlc ads of adsorbed benzene on late transition metals could be a good descriptor to assess the accuracy of a given vdW-DF type density functional for other adsorbates on late transition metals. Actually similar conclusions are also found for water adsorption on transition metals. 26 Nevertheless, further work is required to see whether this is a general trend.
Another key observation is that on Rh, Pd, Ir, and Pt the benzene loses its gas-phase planar configuration upon adsorption with hydrogen atoms tilting upward after relaxation and resulting in two averaged perpendicular heights: a relatively short C-metal (d CM ) and a relatively long H-metal (d HM ) distances as shown in Fig. 1b and Table IV . In contrast, on coinage metal surfaces the benzene molecule adsorbs almost flat (Fig. 1a) . This qualitative difference in the equilibrium geometry between chemisorbed and physisorbed systems is captured by all the methods considered, including PBE. From a quantitative viewpoint, the performance of each method is less homogeneous though. Focusing first on physisorbed systems, including the vdW energy through the PBE+vdW method has a dramatic impact on d CM , which is shortened by 0.41-0.70Å with respect to PBE distances (Table IV) .
Collective screening effects bring the benzene molecule even closer to the the surface by 0.18-0.25Å (cf. PBE+vdW and PBE+vdW surf values in Table IV) . In this respect, vdW-DF predicts very large d CM , even larger in most cases than the PBE values. Although vdW-DF2 substantially improves the vdW-DF equilibrium geometries, the differences with PBE+vdW surf are still large, 0.24-0.56Å (Table IV) . The other density functionals predict equilibrium geometries close to the PBE+vdW surf values, in particular optB88-vdW and optB86b-vdW present ∆d CM equal to 0.16-0.29Å and 0.07-0.33Å, respectively (Table IV) .
Considering now the chemisorbed case, relatively similar equilibrium distances are obtained with all eight methods (Table IV) . This result indicates that in such strongly bound systems the chemical bond largely controls the adsorption height.
All investigated methods predict very similar internal structures of the benzene molecule.
In particular, the C-C distances (l CC1 and l CC2 ) are almost identical no matter whether PBE, PBE+vdW, PBE+vdW surf , vdW-DF, vdW-DF2, optPBE-vdW, optB88-vdW, or optB86b-vdW is used (Table IV) . This indicates that the chemical bonds within the benzene molecule are similarly well described by all the methods considered.
B. Binding-energy curves
We discuss now the role of vdW forces on the the binding-energy curves and their dependence on the specific method used. First we calculated the PBE, PBE+vdW surf , vdW-DF, vdW-DF2, and optB88-vdW binding curves of a benzene molecule on Au and Pt as representatives of physisorption and chemisorption, respectively (Fig. 4) . Each point in these graphs was obtained by keeping fixed the carbon backbone height d from the surface as described in Sec. II C. On the two metal surfaces, of the methods considered, PBE predicts the weakest interaction at long range (for d > 6.0Å), pointing out its lack of non-local vdW forces.
All the other methods recover to some extent the vdW-attraction at long range. Important quantitative differences among the vdW-inclusive approaches considered remain though. For example, vdW-DF and vdW-DF2 present a general tendency toward larger binding energies than PBE on Au and the physisorption region of Pt. The situation is significantly worse for the chemisorption region on Pt, where the two functionals predict the chemisorbed well to be shallower than the PBE minimum. Indeed vdW-DF2 predicts the chemisorbed well to be even shallower than the precursor physisorption-well minimum. This situation is much improved when considering optB88-vdW for both Au and Pt, optB88-vdW predicts a well depth and potential minimum location that lie close to the experimental data. Similarly, We notice the existence of a very shallow metastable precursor physisorption state on Ir(111) when considering optB88-vdW (Fig. 5) , where the barrier to adsorption predicted by PBE essentially vanishes. Nevertheless, on Rh and Pd there exists a perturbation to the binding curve that suggests an underlying small physisorption-like interaction between 3.0-3.5Å, but neither PBE+vdW surf nor optB88-vdW are able to resolve a clear minimum.
Since the stability of the physisorption state is determined mainly by vdW interactions, 37 this result suggests that the larger polarizability of the 5d (Ir and Pt) compared to the 4d (Rh and Pd) metals for the same number of valence electrons is responsible for this behavior.
In particular, the C 6 coefficients computed with PBE+vdW surf are C Ir 6 =98 hartree · bohr 6 to be compared with C Rh 6 =84 hartree · bohr 6 and C P t 6 =120 hartree · bohr 6 to be compared
Another important difference between the binding-energy curves in Fig. 4 is the description of the interaction at large distances from the surface, where the vdW attraction dominates. In this case different methods give rise to rather different asymptotic decays. 
Here Table V shows the corresponding C 3 coefficients for Au and Pt. We note that the PBE+vdW surf energy expression is explicitly constructed to reproduce the exact C 3 coefficient by employing the experimental dielectric function and accurate polarizabilities for atoms in molecules. Following a similar procedure we fitted the C 3 coefficients for the vdW-DF type density functionals.
In this case we considered the non-local correlation contribution to the adsorption energy (Eq. 2) and we fixed d 0 to the values obtained with PBE-vdW surf (1.06Å and 1.03Å for Au and Pt, respectively). This procedure ensures a proper comparison between the two types of vdW-inclusive methods. As shown in Table V , the C 3 coefficients depend on the method.
The vdW-DF2 shows the weakest vdW interaction at this long distance range, yielding C 3 coefficients nearly two times smaller than the rest of methods. This is consistent with the fact that vdW-DF2 heavily underestimate the C 6 coefficients of molecules. 83 On the other hand vdW-DF and optB88-vdW (both sharing the same non-local correlation energy expression by construction) yield C 3 coefficients in good agreement with PBE+vdW surf . We note that such good agreement might be partially accidental, since the vdW-DF correlation energy yields errors of ∼20% in the intermolecular C 6 coefficients. 83 However, the agreement in C 3 coefficients between PBE+vdW surf and vdW-DF (optB88-vdW) further explains the good performance of these methods found for the equilibrium properties of benzene adsorbed on transition metal surfaces.
IV. CONCLUSIONS
We have investigated the performance of a series of vdW-inclusive DFT schemes (PBE+vdW, PBE+vdW surf , vdW-DF, vdW-DF2, optPBE-vdW, optB88-vdW, and optB86b-vdW) to compute the adsorption of benzene molecules on transition metal (111) surfaces. Our calculations have demonstrated that an accurate treatment of vdW dispersion interactions is essential to properly account for adsorption energies and equilibrium distances not only in weakly bound systems (Cu, Ag, and Au), but also in strongly bound ones (Rh, Pd, Ir, and Pt). In particular, the performance of PBE+vdW surf and optB88-vdW for predicting adsorption energies and equilibrium geometries are similar and both methods are in agreement with available experimental data.
The performance of the different density functionals analyzed is sensitive to their underlying exchange functional. We put forward that only optimized exchange functionals (optPBE, optB88, and optB86b) are capable of providing reliable results. In this regard, a
proper description of the short-ranged Pauli repulsion is critical to accurately describe the investigated chemisorbed systems. We found a convenient descriptor to assess the magnitude of such short-ranged repulsion given a particular vdW-DF type density functional, namely, the energy difference ratio between the total adsorption energy and its non-local correlation contribution, χ nlc ads (Eq. 3). A large χ nlc ads implies a more repulsive density functional. We found that the poor performance of vdW-DF and vdW-DF2 can be tracked back to too large χ nlc ads values, whereas optimized exchange functionals (optPBE, optB88, and optB86b) are much less repulsive, presenting smaller χ nlc ads values and superior accuracy. In particular, computed adsorption energies show a linear dependence with respect to χ nlc ads and, therefore, this descriptor could be valuable for further exchange-correlation functional development.
In addition, optB88-vdW predicted a very shallow metastable precursor physisorption state for Ir and Pt. For Rh, and Pd, the metastable state essentially vanished using either PBE+vdW surf or optB88-vdW. Both the polarizability of molecules and substrates are key factors in the appearance of precursor states. 38 Therefore, these results can be explained by the lower polarizability of Rh versus Ir and Pd versus Pt.
Overall, our findings for benzene adsorbed on transition metals suggest that recent developments in vdW-inclusive methods have now reached a sufficient state of maturity that vdW interactions and many-body screening effects can be accounted for at equilibrium distances for the specific adsorption systems considered. Interestingly, PBE+vdW surf and optB88-vdW, which are two fundamentally different approaches, are both able to achieve nearly equivalent quantitative agreement in adsorption energies and equilibrium distances.
Nonetheless some discrepancies between the approaches arise at large adsorbate-substrate distances. Resolving these discrepancies will probably require the application of more sophisticated methods. In general, comparison of methods on these and other adsorption systems along with more accurate experimental measurements (both in terms of structure and energetics) of benzene adsorption on well-defined metal surfaces remain highly desirable. 
